We construct realistic supersymmetric theories in which the correct scale for electroweak symmetry breaking is obtained without significant fine-tuning. We consider two classes of models. In one class supersymmetry breaking is transmitted to the supersymmetric standard model sector through Dirac gaugino mass terms generated by a D-term vacuum expectation value of a U (1) gauge field. In the other class the supersymmetry breaking sector is separated from the supersymmetric standard model sector in an extra dimension, and the transmission of supersymmetry breaking occurs through gauge mediation. In both these theories the Higgs sector contains two Higgs doublets and a singlet, but unlike the case for the next-to-minimal supersymmetric standard model the singlet field is not responsible for generating the supersymmetric or supersymmetry breaking mass for the Higgs doublets. These masses, as well as the mass for the singlet, are generated through gravitational-strength interactions. The scale at which the squark and slepton masses are generated is of order (1 ∼ 100) TeV, and the generated masses do not respect the unified mass relations. We find that electroweak symmetry breaking in these theories is caused by an interplay between the top-stop radiative correction and the holomorphic supersymmetry breaking mass for the Higgs doublets and that the fine-tuning can be reduced to the level of 20%. The theories have rich phenomenology, including a variety of possibilities for the lightest supersymmetric particle.
Introduction
Weak scale supersymmetry is an attractive candidate for physics beyond the standard model. It not only stabilizes the Higgs potential against potentially large radiative corrections, but also leads to an elegant picture of gauge coupling unification at a scale M X ≃ 10 16 GeV [1] . Nondiscovery of the superparticles or the Higgs boson at LEP II, however, puts strong constraints on how supersymmetry can be realized at the weak scale. In the minimal supersymmetric standard model (MSSM), evading the lower bound on the physical Higgs boson mass typically requires a large top squark mass. This in turn gives a large radiative correction to the Higgs boson mass-squared parameter, leading to fine-tuning in electroweak symmetry breaking. In fact, the problem of fine-tuning is somewhat generic in theories with weak scale supersymmetry, and is called the supersymmetric fine-tuning problem.
Recently, a general framework has been discussed for supersymmetric theories that avoid fine-tuning while preserving the successful features of supersymmetry [2, 3] . The key point is to lower both the top squark masses and the mediation scale of supersymmetry breaking, by violating simple unified mass relations.
1 This makes radiative corrections to the Higgs masssquared parameter small, and thus reduces fine-tuning. A simple way to accommodate such light top squarks is to introduce an additional contribution to the Higgs quartic couplings other than that from the SU(2) L × U(1) Y D-terms of the MSSM (for theories giving such a contribution, see e.g. [4 -11] ). 2 In Refs. [2, 3] these were achieved by adopting the mechanism of [14] : the dynamical supersymmetry breaking sector has a global SU(5) symmetry, of which the SU(3) × SU(2) × U(1) subgroup is explicitly gauged and identified as the standard model gauge group, but this SU(5) is spontaneously broken to the gauged subgroup at the dynamical scale of Λ ≈ (10 ∼ 100) TeV. This structure ensures that the successful prediction associated with gauge coupling unification is preserved, while the unwanted unified mass relations among the squark and slepton masses are avoided. The mediation scale of supersymmetry breaking is very low and of order Λ, which is the scale of dynamical supersymmetry breaking itself. The Higgs sector superpotential is generated from interactions between the Higgs and dynamical supersymmetry breaking sectors through marginal operators. In this paper we construct classes of explicit supersymmetric standard models in which the fundamental scale of supersymmetry breaking is an intermediate scale, M I = √ m weak M Pl , and 1 The unified mass relations need not be violated if the top quark and Higgs boson are both rather heavy, m t ≃ (180 ∼ 182) GeV and M Higgs ≃ (200 ∼ 250) GeV [3] . We do not consider this scenario in this paper.
2 A solution to the supersymmetric fine-tuning problem that does not require an extension of the Higgs sector at the weak scale has recently been presented in [12] , where the supersymmetry breaking mass for the up-type Higgs boson is suppressed by a cancellation between two different contributions [13] , and a large stop mixing parameter and a small holomorphic supersymmetry breaking Higgs mass ensure successful electroweak symmetry breaking with relatively small top squark masses.
yet the supersymmetric fine-tuning problem is ameliorated. An advantage of intermediate-scale supersymmetry breaking is that the Higgs sector superpotential is obtained relatively easily through nonrenormalizable interactions suppressed by the Planck scale [15] . To implement this mechanism without introducing the supersymmetric flavor problem, we consider two classes of theories. In one class supersymmetry breaking is transmitted to the supersymmetric standard model sector through a D-term vacuum expectation value (VEV) of a U(1) gauge field [16] . In the other class the supersymmetry breaking sector is separated from the supersymmetric standard model sector in an extra dimension, and the transmission of supersymmetry breaking occurs through gauge mediation [17] . In both these theories the Higgs sector contains two Higgs doublets and a singlet. Our Higgs sector superpotential, however, differs from that of the nextto-minimal supersymmetric standard model: it contains weak-scale mass parameters which are naturally generated through gravitational-strength interactions. The scale at which the squark and slepton masses are generated is of order (1 ∼ 100) TeV, and the generated masses do not respect the unified mass relations. These features nicely meet the general criteria discussed above. (Note that the relevant scale for the fine-tuning argument is the scale at which the squark and slepton masses are generated, and not the one at which the gaugino masses are generated.)
Electroweak symmetry breaking in our theories occurs because of an interplay between the top-stop radiative correction and the holomorphic supersymmetry breaking mass squared for the Higgs doublets, the µB term. The dynamics of the singlet field S almost decouples from the electroweak symmetry breaking physics due to a relatively large supersymmetric mass for S. These theories, therefore, naturally realize the scenario II of µB-driven electroweak symmetry breaking discussed in Ref. [18] . The amount of fine-tuning is essentially determined by the ratio of the lightest neutral Higgs-boson and the charged Higgs-boson squared masses. We find that the fine-tuning in these theories can be reduced to the level of 20%.
The organization of the paper is as follows. In section 2 we discuss the first class of theories. We study electroweak symmetry breaking and the superparticle spectrum, identifying some characteristic features of the theories. In section 3 we discuss the second class of theories and perform a similar analysis of electroweak symmetry breaking and the superparticle spectrum. Conclusions are given in section 4.
Models with D-type Supersymmetry Breaking
In this section we present the first class of models, in which supersymmetry breaking is transmitted to the supersymmetric standard model sector through a D-term VEV of a U(1) gauge field. We find that the fine-tuning is reduced to the level of 20%.
Supersymmetry breaking from a D-term VEV
The supersymmetric standard model sector of our theories contains, as usual, the
, and three generations of matter fields, Q, U, D, L and E. We also introduce a gauge singlet chiral superfield S as well as two Higgs doublets H u and H d , with the standard Yukawa couplings in the superpotential
Following Ref. [16] , we consider that supersymmetry breaking is transmitted to the supersymmetric standard model sector through a D-term VEV of a U(1) gauge interaction, U(1)
′ :
where V ′ is the vector superfield for U(1) ′ . Introducing chiral superfields that transform as adjoints under 321, A 1 (1, 1) 0 , A 2 (1, 3) 0 and A 3 (8, 1) 0 , supersymmetry breaking in Eq. (1) is transmitted to the supersymmetric standard model sector through the following operators:
where ζ i are coefficients of O (1) 2 . An important property of this transmission is that the squark and slepton masses are generated at the scale of Dirac gaugino masses ≈ D ′ /M * ∼ (1−10) TeV, although the gaugino masses are present at the scale M * . This reduces the logarithm associated with the top-Yukawa induced radiative correction to the Higgs soft supersymmetry breaking mass, and thus helps the reduction of fine-tuning. We take the coefficients ζ i in Eq. (2) to be free parameters. In particular, we do not impose any unified relations on the three coefficients ζ 1 , ζ 2 and ζ 3 . This is necessary to break unwanted unified mass relations for the squarks and sleptons, such as m 
, which is expected to be the case in naive unified theories, the squarks and sleptons obey unwanted unified mass relations m 2 f ∝ i g 4 i Cf i , wheref =q,ũ,d,l,ẽ and Cf i are the group theoretical factors.) 3 We assume that D ′ is much larger than the largest F -type VEV, F , in the theory, i.e. D ′ ≫ F , so that the contributions to the supersymmetry breaking masses from F are negligible. For a discussion on how to obtain D ′ ≫ F , see e.g. [19] . Alternatively, one can separate the field giving the largest F from the supersymmetric standard model sector in an extra dimension; see e.g. [20] . (Mediation of supersymmetry breaking by Eq. (2) was also considered in [21, 3] in a slightly different context, in which the A i fields arise as composites.)
The introduction of the A i fields destroys the successful supersymmetric prediction for gauge coupling unification. To recover this, we introduce chiral superfields A X (3, 2) −5/6 and AX(3 * , 2) 5/6 , where the numbers in parentheses represent the 321 gauge quantum numbers. Together with A i (i = 1, 2, 3), these fields form a complete SU(5) multiplet, 24 of SU (5), and thus recover the successful prediction at the leading-log level. The mass of the A X and AX fields, however, must be several hundreds of TeV or larger to avoid the Landau pole for the 321 gauge couplings until around the unification scale. Our prediction is, therefore, corrected by the mass splitting between A i and A X , so will not be as good as the MSSM one. The introduction of the A fields, {A i , A X , AX}, necessarily makes the 321 gauge couplings strong near the unification scale M X ≈ 10
16 GeV. The prediction for the low-energy gauge couplings then follows even without the unification of the three gauge couplings at the scale M X [22, 23] . This is, interestingly, consistent with the absence of unified relations for ζ i . Alternatively, the absence of unified relations for ζ i could follow if the unified symmetry is realized in higher dimensions [24] .
Masses for the A fields
For D ′ ∼ (10 10 −10 11 GeV) 2 , the gravitino mass is roughly of the order of the weak scale: 
, where λ A i are dimensionless coefficients, the supergravity Lagrangian produces the effective superpotential term
where m A,i = λ A i m 3/2 [15] . This can be understood easily in the compensator formalism (see e.g. [25] ), in which the above Kähler potential term can be written as
in the normalization where A i are canonically normalized. Here, φ is the compensator field, which takes the value φ = 1 + θ 2 m 3/2 . We then find that Eq. Soft supersymmetry breaking terms could also receive contributions from the operators
Together with the contributions from the Kähler potential of Eq. (4), we obtain
Here, as in the case of ζ i , we do not impose any unified relations on λ A i or η i . The conditions for quadratic stability of the a i -field origin are given by
where
We assume that Eq. (7) are satisfied for all i = 1, 2, 3. The mass of the A X and AX fields could similarly be generated if the Kähler potential contains the term K = λ A X A X AX + h.c.. To generate a mass of order several hundreds of TeV, however, we have to choose the dimensionless coefficient λ X to be of O(10 2 ∼ 10 3 ). This does not lead to any problem in the global supersymmetric limit, but it could cause a problem with perturbativity near the Planck scale in supergravity, which would require some new physics below M Pl . Alternatively, one can simply consider the superpotential term W = m A,X A X AX, with m A,X several hundreds of TeV. Such a term may be generated dynamically. The introduction of a gauge singlet A 1 has a potential danger of destabilizing the gauge hierarchy. Specifically, the operator if absent at tree level, this operator would be generated at radiative level under the presence of general nonrenormalizable operators. We avoid this by imposing a symmetry
on the interactions of the observable sector. This symmetry is broken by the D ′ and physics generating it. However, if the breaking appears sufficiently soft in the observable sector, the dangerous operator linear in A 1 is sufficiently suppressed. Such a setup can naturally arise, for example, by generating D ′ on the infrared brane in warped space (with the infrared-brane scale set to ≈ D ′ ) and transmitting it to the observable sector on the ultraviolet brane through a bulk
In the following, we assume that the operator linear in A 1 is sufficiently suppressed. 4 The direct kinetic mixing between U (1)
, is assumed to be absent throughout. 
The Higgs sector
The Higgs sector of our theory consists of three chiral superfields S(1,
. There are some variations on possible interactions in the Higgs sector. Here, to demonstrate our point, we adopt a particular setup that uses a discrete Z 4,R symmetry to constrain the form of these interactions. We consider a discrete R symmetry, Z 4,R , under which fields transform as in Table 1 . This charge assignment allows all the interactions discussed so far, including the Yukawa couplings and Eq. (2). 5 In the absence of supersymmetry breaking, the Higgs sector superpotential consistent
(We assume that the possible term linear in S is absent.)
In addition, we have terms arising from the Kähler potential
Adding these together, the superpotential of our Higgs sector is given by
where µ = λ H m 3/2 and M S = λ S m 3/2 are mass parameters of order the weak scale. 6 Soft supersymmetry breaking parameters arise from the Kähler potential terms as well as from the
where we have used the same symbol for a chiral superfield and its scalar component for H u , H d and S. The Higgs doublets also obtain non-holomorphic supersymmetry breaking masses at one loop through 321 gauge interactions.
Parameters at the weak scale
Contributions to the gaugino masses arise from the operators in Eqs. (2, 3) . The masses of adjoint scalars also come from Eq. (6). Defining component fields as
for each gauge group factor SU(3) C , SU(2) L and U(1) Y (we have suppressed the index i = 1, 2, 3). Here, we have added non-holomorphic supersymmetry breaking masses for a's (the last term), although they are small in the present theory. The mass parameters We assume that the parameters in Eq. (11) are real. There are two gauginos, mixtures of λ and ψ, for each gauge group factor, and their masses are given by diagonalizing Eq. (11) as
where we have suppressed the index i = 1, 2, 3 for m λ , g, m D and m A . The squark and slepton masses arise from finite one-loop diagrams as 
which are positive in the entire parameter region [16] . Here, we have suppressed the index i = 1, 2, 3 for g, m D , m A , b A and m 2 a . As we will see later, the relevant parameter region for us is where tan β ≡ H u / H d is not large, e.g. tan β < ∼ 3, so the only important Yukawa coupling is the top Yukawa coupling. The soft supersymmetry breaking masses for the Higgs doublets are then given by
where we have used the fact that the mediation scale for the squark masses is of order the Dirac gluino mass m D,3 , and we have approximated mq ≈ mũ inside the logarithm. A small soft mass squared for S, m 2 S , is also generated at one loop through λ, picking up m 2 Hu and m 2 H d . Equation (15) explicitly demonstrates that the effective messenger scale for this theory is very low
so that larger squark masses can, in principle, be obtained for a given fine-tuning and Higgs boson mass, compared with gauge-mediation-type models such as the ones considered in [2, 3] . This is because the squark squared masses are suppressed by a one-loop factor compared with the squared messenger scale in the present theory, while they are suppressed by a two-loop factor in gauge-mediation-type models. Weak-scale values for the couplings λ and κ are subject to the constraint that they do not hit the Landau pole below the unification scale. In our theory, the 321 gauge couplings are large at the ultraviolet due to the introduction of the A fields, which significantly weakens these constraints. We find λ < ∼ 0.8 for tan β > ∼ 1.7 and somewhat stronger bounds for smaller tan β, e.g. λ < ∼ 0.7 for tan β > ∼ 1.4 [2, 26] . Note that, with the strong 321 gauge couplings at the ultraviolet, tan β as small as ∼ 1.2 is allowed because y t receives a strong asymptotically nonfree contribution from a large SU(3) C coupling at the ultraviolet. The bound on κ is given by κ < ∼ 0.2 (0.3) for λ ≃ 0.8 (0.7).
Suppression of the D-term potential and a constraint from the ρ parameter
The operators in Eq. (2) give mixings between the auxiliary D fields and the scalar components of A (the third and fourth terms of Eq. (11)). As a consequence, the SU(2) L and U(1) Y Dterm contributions to the Higgs quartic couplings are suppressed [16] . Denoting the suppression factors by ǫ (ǫ 2 and ǫ 1 for SU(2) L and U(1) Y , respectively), they are given by
where, again, we have suppressed the index i = 1, 2. The D-term contributions to the Higgs potential are given by ǫ times the standard contributions.
The suppression of the D-term potential can also be seen before integrating out the A fields. Focusing on the T 3 direction of SU(2) L , the corresponding D-term potential is given, after integrating out the D field, by
where ϕ 2 is the imaginary part of the T 3 component of the SU(2) L adjoint field, a 2 = iϕ 2 / √ 2 + · · ·, and we have retained only the components for the Higgs doublets that obtain VEVs, H u = (0, h u )
T and
T . The potential of Eq. (18) forces ϕ 2 to have a VEV
where (17) . This mostly cancels the D-term potential.
The size of any SU(2) L triplet VEV is subject to a stringent constraint from electroweak data (the ρ 
Electroweak symmetry breaking
We are now ready to discuss electroweak symmetry breaking. Our Higgs potential is given by
where V F , V D and V soft are given by
Here, ǫ 2 and ǫ 1 are given by Eq. (17), and m 
are given by Eq. (10). Other supersymmetry breaking parameters are also generated at higher loop orders. n ≡ sgn(X) · |X| n , and all masses are given in units of GeV. The fine-tuning parameter∆ −1 is defined in Ref. [2] .
The results of the potential minimization are given in Table 2 for four sample points A, B, C and D, which lead to realistic phenomenology. The parameters m D,i , m A,i , and b A,i (i = 1, 2, 3) are Dirac gaugino masses, supersymmetric masses for A i , and holomorphic supersymmetry breaking masses for A i , respectively, and defined below Eq. (7), below Eq. (3), and in Eq. (6) . The square bracket in the table is defined as [X] n ≡ sgn(X) · |X| n , and all masses are given in units of GeV. The effective µ and µB parameters are defined by µ eff ≡ µ + λ S and (µB) eff ≡ b H + λ(M S S + κ S 2 ), and M Higgs is the lightest Higgs boson mass. We also list the parameter∆ −1 defined in Ref. [2] , following [28] , as a measure of fine-tuning in our theory.
All the parameters in the Higgs potential are taken to be real. Our procedure to obtain these numbers is as follows. , assuming some initial value for tan β (which will be determined in the end by iteration). This determines the Higgs potential of Eq. (20) . We also add the one-loop contribution from top-stop loops to the Higgs quartic coupling in our analysis. (A precise calculation of this contribution requires a knowledge of S , determined by iteration, but the effect of S = 0 is negligible.) Corrections from higher loops are not so large for the values of top squark masses considered here, only giving an additional negative contribution to the lightest Higgs boson mass of order a few GeV. By minimizing the potential, we obtain H u , H d and S . These VEVs do not in general satisfy v
2 , so we iterate the entire process again using the input parameters appropriately rescaled by powers of (174 GeV/v H ) according to their dimensions. In this process we use the derived value of tan β, tan β = H u / H d to determine m 2 Hu . By iterating this several times, we obtain the final values for the parameters, which gives
The convergence of the whole procedure is fairly quick.
As is seen in the table, the fine-tuning required in our theory is very mild and only of order 20%. We find that the electroweak scale v is mainly sensitive to the values of µ, m 3/2 , m D,2 , m D,3 , g 2 , g 3 and y t , and the fine-tuning parameter is determined by the sensitivity to µ, m 3/2 , m D,3 , g 3 and y t in most of the parameter region. The reduction of the fine-tuning occurs mainly because the restoring force of the Higgs potential arises from the F -term potential, which is stronger than the one from the SU(2) × U(1) Y D-term potential [18] . A very small effective messenger scale of Eq. (16) then allows squark masses as large as (500 ∼ 700) GeV. As can be seen from the table, electroweak symmetry breaking in our theory is caused by an interplay between the µB term and the top-stop radiative correction to m }, are both positive, and one of the eigenvalues becomes negative because of a non-zero value of (µB) eff .
Superparticle, Higgs boson and adjoint scalar spectrum
The masses for the superparticles, the Higgs bosons, and the adjoint scalars are calculated at tree level for the four sample points in Table 2 , which are listed in Table 3 . Theg 1,2 , χ ± 1,2,3 , and χ 0 1−7 represent the two gluinos, three charginos, and seven neutralinos, respectively, which come from the linear combinations of the original gauginos, λ α i , and the fermionic components of A i ,
, andν L represent the left-and right-handed up-type squarks, down-type squarks, charged sleptons, and the (left-handed) sneutrinos, respectively. The masses for the top squarks,t 1,2 , are listed separately because they split from the other squark masses appreciably. The neutral scalar, pseudo-scalar, and charged Higgs bosons are labeled as H 0 1,2,3 , P 0 1,2 , and H ± , respectively, which arise from the scalar components of S, H u and H d . There are two adjoint scalar fields for each gauge group factor, which are denoted by a Y , a L , and a C for U(1) Y , SU(2) L , and SU(3) C , respectively. The gravitino is denoted byG. In the first two points, A and B, the parameters are chosen such that m A,i ≪ m D,i , so that the two gauginos for each gauge group factor are relatively close in masses: {g 1 ,g 2 } for SU(3) C , {χ An interesting feature of the present model is that the effects of the gauge D-terms are suppressed because of mixings between the auxiliary D fields and the a fields (see Eq. (11)). This also affects the spectrum of superparticles. For points A and B, the SU(2) L and U(1) Y D-terms receive large suppressions, ǫ 1 , ǫ 2 ≪ 1 (see Table 2 ). As a consequence, the squarks and sleptons that are in the same SU(2) L multiplet are almost completely degenerate in mass. (Mass splittings of order a few hundreds of MeV are generated from radiative corrections.) For points C and D, the suppressions are not as strong as the case of points A and B, because of relatively large values of m A,i , but the squarks and sleptons in the same SU(2) L multiplet are still quite degenerate.
We find that the lightest supersymmetric particle (LSP) in our theory can either be the third generation right-handed sleptonẽ R , the third generation sneutrinoν L , the lightest neutralino χ 0 1 , or the gravitinoG. In either case, the mass of the LSP is naturally in the range ≈ (100 ∼ 300) GeV. Because of rather small values for tan β and M mess , the masses of the third generatioñ e R andν L are almost degenerate with those of the corresponding first-two generation particles. For the case of theν L LSP, the left-handed selectronsẽ L will also be very close in mass, with the mass difference toν L only of order a few hundreds of MeV to a few GeV. For the χ 0 1 LSP, it is almost purely the Higgsino, so that the lightest chargino χ The masses for the superparticles, Higgs bosons and adjoint scalars for the four sample points A, B, C and D given in Table 2 . All masses are given in units of GeV.
the mass difference of order a few GeV. The lightest Higgs boson in our theory cannot be heavier than about 140 GeV. The mass of the charged Higgs boson is also bounded by m H ± < ∼ 450 GeV, as the amount of fine-tuning is correlated with the charged Higgs boson mass [18] . This may have some implications on the rate of the b → sγ process. While the current theoretical estimates for this process still have some uncertainties [29] , the positive sign for the effective µ parameter seems to be preferred over the other one, with which a partial cancellation between the charged Higgs boson and chargino contributions is possible.
Models with Sequestered Gauge Mediation
In this section we present the second class of models. We find that the fine-tuning is reduced to the level of (10 ∼ 20)% in these models.
Models
Our basic idea here is the following. We consider gauge mediation models, in which superparticle masses are generated by loops of messenger fields [30, 31] . In particular, we consider a model in which supersymmetric and supersymmetry breaking masses for the messenger fields do not possess any particular "unified" relations (this requires multiple singlets in the messenger sector) [2, 32] . Now, suppose that all the MSSM fields together with the messenger fields are localized on a (3 + 1)-dimensional subspace in some higher dimensional spacetime, and that supersymmetry breaking occurs at some other subspace, which is transmitted to the messenger sector through some bulk interactions. In this case, we can push up the fundamental scale of supersymmetry breaking to an intermediate scale without affecting the gauge mediated spectrum for the MSSM superparticles. On the other hand, supersymmetric masses of order the weak scale can be generated in the Higgs sector from the Kähler potential terms, as was the case in section 2.3. In fact, this structure was used in Ref. [17] to generate the µ term in gauge mediation models, where the coincidence of the scales for the µ term and for the superparticle masses was also naturally obtained. Here we adopt the basic construction of this model to demonstrate our point.
Let us consider (4 + 1)-dimensional spacetime with the extra dimension compactified on an S 1 /Z 2 orbifold, y : [0, 2π], where y is the coordinate for the fifth dimension. The size of the extra dimension we consider is small, only one or two orders of magnitude larger than the inverse of the fundamental scale, which is of order the Planck scale. We consider that supersymmetry is dynamically broken on the y = πR brane at the scale Λ, and (some of) the fields participating in this dynamics are charged under a U(1) m gauge multiplet located in the bulk [17] . Our messenger sector is localized on the y = 0 brane. Let us first consider only a single vector-like messenger D(3 * , 1) 1/3 +D(3, 1) −1/3 , where the numbers represent the 321 gauge quantum numbers. The superpotential interactions in the messenger sector are then given by
where X, E andĒ are singlets under 321, and the U(1) m charges for these fields are chosen as E(+1),Ē(−1), X(0), D(0) andD(0). Supersymmetry breaking is mediated from the y = πR brane to the y = 0 brane through U(1) m gauge interactions, generating positive supersymmetry breaking squared masses of order
gauge coupling, which is naturally suppressed by the volume of the extra dimension. These positive squared masses in turn generate a negative mass squared for X through the coupling k E , triggering the VEVs for the lowest and highest components of the X chiral superfield: X = 0 and F X = 0. Note that, while the superpotential interactions of Eq. (26) possess a U(1) R symmetry, it is explicitly broken by the trilinear scalar interactions arising from anomaly mediation [25, 33] , so that the dangerous Goldstone boson does not arise. These VEVs then provide the supersymmetric and supersymmetry breaking masses for the messenger fields D and
, which is consistent with the volume suppression of g m . We thus take Λ ≈ 10 10 GeV and M D ≈ √ F D ≈ (10 ∼ 100) TeV in our analysis. As we have seen, this requires some coincidence of the scales but does not require fine-tuning.
Our messenger sector also contains vector-like messenger fields other than D andD. In particular, to preserve the successful prediction for gauge coupling unification, we introduce messenger fields in complete SU(5) multiplets. Specifically, we introduce n 5 pairs of (D, L) + (D,L) and n 10 pairs of (Q, U, E)+(Q,Ū,Ē), where the 321 gauge quantum numbers of Q, U, D, L and E are the same as the corresponding MSSM fields. The numbers n 5 and n 10 are bounded by n 5 +3n 10 < ∼ 5 due to the Landau pole consideration for the 321 gauge couplings. We consider that each component of the messenger fields has independent supersymmetric and supersymmetry breaking masses M and F : for example, we treat M D , F D , M L and F L to be all independent for (n 5 , n 10 ) = (1, 0). There are a number of ways to achieve this. The easiest way is to introduce E, E and X fields as well as the interactions of Eq. (26) for each messenger field. Such a structure can naturally arise if we introduce a discrete Z 3 symmetry for each component of the messenger fields. In any event, with these most general M's and F 's, the gaugino masses, M a , and the sfermion masses, mf , at the messenger scale are written as
where i = 1, 2, 3 represents U(1) Y , SU(2) L and SU(3) C , and Cf i are the group theoretical factors. The parameters Λ G,i and Λ S,i are of order (10 ∼ 100) TeV, which can be explicitly calculated in terms of the M's and F 's once the field content for the messengers is specified. The Higgs sector of the present model is essentially the same as the one in the previous model (see section 2.3). The field content is given by S (1, 1) 0 , H u (1, 2) 1/2 and H d (1, 2) −1/2 . Imposing the discrete Z 4,R symmetry of Table 1 , the effective superpotential arises both from
where µ and M S are parameters of order the weak scale generated via the mechanism of [15] . Note that this mechanism works even if the supersymmetry breaking sector (at the y = πR brane) and the Higgs sector (at the y = 0 brane) are geometrically separated [17] . The holomorphic supersymmetry breaking terms
are also generated from the Kähler potential terms as
where m 3/2 ≈ Λ 2 /M Pl is the gravitino mass of order the weak scale. The Yukawa couplings for the quark and lepton superfields are given by
We here note that a theory having essentially the same properties can also be formulated in warped spacetime of [34] . We can simply make our S 1 /Z 2 extra dimension warped, with the scales on the ultraviolet and infrared branes set to be around the 4D Planck scale and the intermediate scale, respectively. The MSSM fields, the singlet field S, and fields in the messenger sector are all localized on the ultraviolet brane, while the U(1) m gauge multiplet propagates in the bulk. Supersymmetry breaking occurs on the infrared brane, which is transmitted to the E andĒ fields on the ultraviolet brane through bulk U(1) m gauge interactions, as in the models of [35, 23] . This theory allows a purely 4D interpretation through the AdS/CFT correspondence [36, 37] , in which the separation of supersymmetry breaking and the other fields occurs through conformal sequestering effects [38] .
Electroweak symmetry breaking and particle spectrum
Now we study electroweak symmetry breaking in our model. The Higgs potential is given by Eq. (20) with Eqs. (21 -23) , but with both ǫ 1 and ǫ 2 set to 1 in Eq. (22) . The holomorphic supersymmetry breaking masses, b H and b S , are given by Eqs. (31, 32) rather than Eqs. (24, 25) . For smaller number of messenger fields, the 321 gauge couplings are not very strong at the unification scale, so that the value of λ should be somewhat smaller than 0.8 to avoid the Landau pole.
The results of the potential minimization are given in Table 4 for three sample points A, B and C, which lead to realistic phenomenology. The square bracket in the table is defined as [X] n ≡ sgn(X) · |X| n , and all masses are given in units of GeV except for M mess , Λ G,i and Λ S,i , which are given in units of TeV. The parameters Λ G,i and Λ S,i are defined in Eqs. (27, 28) . The quantity M mess represents the scale at which the gaugino and sfermion masses of Eqs. (27, 28) are given, which we take as a single scale of order Λ's for simplicity. The sensitivity of physical quantities to this parameter is rather weak. The effective µ and µB parameters are defined by
, and M Higgs is the lightest Higgs boson mass. We also list the fine-tuning parameter∆ −1 defined in [2] . All the parameters in the Higgs potential are taken to be real. The procedure to obtain these numbers is analogous to that in section 2.6. As is seen in the table, we find that the fine-tuning in this theory is at the level of (10 ∼ 20)%. A difference from the previous model is that the logarithm ln(M mess /mt) appearing in the topstop correction to the Higgs mass-squared parameter is now not as small as the previous one. (M mess is several tens of TeV in the present model while it is a few TeV in the previous model.) We find that for most of the parameter region the total mass-squared parameters for the up-type and down-type Higgs doublets are both positive, and electroweak symmetry breaking is triggered by a nonzero value of the effective µB term, although the point C has a negative squared mass for the up-type Higgs field, µ 2 eff + m 2 Hu < 0. While the reduction of fine-tuning in the present model is not as large as the previous one, the situation is still much better than in conventional models of supersymmetry breaking, which typically require fine-tuning of order a few percent or even worse.
We have listed the masses for the superparticles and the Higgs bosons in Table 5 for the three sample points of Table 4 . Here, we have included one-loop threshold corrections to obtain these masses, as they are relevant for colored particles especially if the masses are close to the experimental bounds. The meaning of the symbols is the same as that in Table 5 :g, χ Table 4 : Values for the parameters of the model for three sample points, A, B and C. The resulting soft supersymmetry breaking masses for the gauginos, squarks and sleptons, as well as the quantities in the Higgs sector, are also listed. Here, [X] n ≡ sgn(X) · |X| n . All masses are given in units of GeV except for M mess , Λ G,i and Λ S,i (i = 1, 2, 3), which are given in units of TeV. The fine-tuning parameter∆ −1 is defined in Ref. [2] . Table 5 : The masses for the superparticles and the Higgs bosons for the three sample points A, B and C given in Table 4 . All masses are given in units of GeV.
As is seen in the table, the theory accommodates various possibilities for the LSP. We find that the LSP in this theory can be either the lightest neutralino χ 0 1 , the lightest chargino χ ± 1 , the third generation right-handed sleptonẽ R , the third generation sneutrinoν L , or the gravitinoG. We note that the theory allows the relative signs between Λ G,i 's to be negative, although we did not adopt such a case in our sample points A, B and C. In the case that χ 0 1 is the LSP, its thermal relics may provide the dark matter of the universe [39] . In general, the neutral LSP's, χ 0 1 andG, can be the dark matter if they are nonthermally produced. The cases with charged LSP's require "non-standard" cosmology or small R-parity violation.
Conclusions
We have constructed two classes of realistic supersymmetric models in which no significant finetuning is required to reproduce the correct scale for electroweak symmetry breaking. Both classes of models accomplish this by incorporating (i) a means to increase the effective Higgs quartic coupling beyond what is available in the MSSM, (ii) a low scale for the generation of squark and slepton masses, and (iii) a degree of independent adjustability for the size of the squark masses, such that they can be set not very far from their experimental bound of ≈ 300 GeV. The first feature allows us to evade the LEP II bound of M Higgs > ∼ 114 GeV without relying on large radiative corrections from top-stop loops, and thus to have small top squark masses. The second and third features then facilitate a softening of the top-stop loop correction to the up-type Higgs mass-squared parameter to a level commensurable with the Higgs field VEV v ≃ 174 GeV, thereby eliminating the need for delicate cancellations. Specifically, the low mass-generation scale leads to a modest logarithm, ≃ (2 ∼ 5), in the correction, and the free adjustability of the squark masses moderates the overall mass scale of the correction.
In the first class of models, the additional Higgs quartic contribution is provided by Fexchange of a singlet chiral superfield. A fundamental intermediate-scale supersymmetry breaking is communicated to the MSSM fields primarily via two means. First, a new U(1) gauge superfield acquires a D-term VEV at the intermediate scale and marries the 321 gauginos with adjoint chiral fermions via nonrenormalizable interactions. This leads to a consequence that the radiative generation of the sfermion masses occurs at a scale only a factor of O(4π) higher than the electroweak scale. This accomplishes the low scale of sfermion mass generation. The adjustability of squark masses is accomplished simply by making the nonrenormalizable couplings responsible for the gaugino masses independent for SU(3) C , SU(2) L , and U(1) Y . The second means for transmitting supersymmetry breaking is via supergravity effects. These naturally generate weak-scale supersymmetric and supersymmetry breaking masses for the Higgs and singlet fields, producing an appropriate Higgs sector superpotential. Working together, these charac-teristic features of the models allow for the coexistence of the electroweak VEV with a variety of superparticle spectra, with a very mild tuning of about 20%.
The second class of models also relies on F -exchange of a singlet to obtain the additional Higgs quartic coupling. However, communication of supersymmetry breaking to the MSSM sector more closely follows traditional gauge mediation. This leads to sfermion mass-generation scales O(16π 2 ) higher than the electroweak scale, which are larger than the mass-generation scales for the first class of models, but still provides only modest logarithmic enhancement in the Higgs mass correction. Supersymmetry is fundamentally broken at an intermediate scale, at a location physically separated from the MSSM fields in an extra dimension. The breaking is then communicated between the two locations by a bulk U(1), which ultimately gives supersymmetric and supersymmetry breaking masses of O(10 ∼ 100 TeV) to the messenger fields of gauge mediation. We assume no specific relation between any of the mass parameters for the messengers, ensuring the adjustability of the squark masses. Weak-scale values for supersymmetric and supersymmetry breaking masses for the Higgs and singlet fields are again generated from supergravity effects. Within this class of models the reduction of tunings to (10 ∼ 20)% can be obtained, again with a variety of configurations for the superparticle spectrum.
In searching out parameter points of reduced tuning in the above models, it quickly becomes apparent that the weakest tunings and largest Higgs boson masses are generally obtained when the Higgs potential is made stable along both the H u and H d axes, and destabilized in an intermediate direction via the µB term. The reason is simply that the Higgs quartic coupling due to F -exchange is strongest when tan β ∼ 1. Thus, to most successfully utilize the new quartic coupling, smaller values for tan β are preferred, and electroweak symmetry breaking must be dominantly caused by the µB term. This clearly demonstrates the framework introduced in [18] . It is very encouraging that this very generic idea has been successfully demonstrated in two distinct classes of realistic models.
